Abstract -To obtain a whole genome library that suppresses the total diversity of human mRNAs, lentiviral vector constructs and a short hairpin RNA (shRNA) expression cassette were optimized. The optimization of the vector increased the virus titer in preparations by 15-20 times. A simple shRNA structure with a 21-bp stem proved to be the most effective. Lentivector-based shRNA expression constructs were obtained by using puro R , copGFP, or H-2K k as a selectable marker. The efficiency of the optimized library was demonstrated when screening for shRNAs reactivating the tumor suppressor p53 in HeLa cells. Cells carried a reporter construct ensuring p53-responsive synthesis of a fluorescent protein, which allowed selection of cells with reactivated p53 by flow cytometry.
INTRODUCTION
Since the human genome structure has been deciphered and a large body of data on gene expression has been obtained by hybridization with cDNA microarrays, it is now possible to establish the functional relationships of genes, as well as arrange their products into functional chains. It is especially important in connection with this to develop new and efficient methods for functional genomics, which are aimed at identifying the functions of individual genes.
Gene silencing via RNA interference is a common and promising tool of reverse genetics and is used to study the functions of genes whose structures are known. RNA interference is the inhibition of gene expression by homologous double-stranded RNA (dsRNA) [1] . Fire et al. [2] were the first to describe RNA interference in nematode Caenorhabditis elegans. It has been found that dsRNA is far more effective in gene silencing as compared with singlestranded antisense RNA, just a few dsRNA copies per cell are already sufficient to exert a considerable effect. More recently RNA interference has been observed in a variety of organisms from invertebrates to mammals, including human [3] [4] [5] . In animals an additional mechanism of RNA interference utilizes endogenous microRNAs, which are short noncoding RNAs that contain imperfect inverted repeats and form hairpins with a stem of about 70 bp and incomplete homology [6, 7] .
An important role in RNA interference is played by the enzyme Dicer, which is similar to RNase III [8] . Short dsRNAs and microRNAs are recognized and processed by Dicer to yield small interfering RNAs (siRNAs), which are 21-22 bp in size, are phosphorylated at the 5' end, and contain two protruding nonpaired nucleotides at each 3' end [9] . To be efficiently recognized by Dicer, microRNA is preliminarily processed in the nucleus by Drosha, which is another RNase III-like enzyme [10] . Then, microRNA is transferred into the cytoplasm and binds with Dicer. The resulting siRNAs are incorporated into a multicomponent effector RNA-induced silencing complex (RISC) [11] . The sense strand of siRNA is displaced and lost owing to an RISC component acting as helicase, while the antisense strand is used to scan the structure of an mRNA passing through RISC. As a homologous region is found, the mRNA is degraded by an Argonaute-family endonuclease [12] , which is also a component of RISC [13, 14] .
Soon after its discovery, RNA interference started to be used as an efficient, convenient, and, specific tool for inhibiting the expression of particular genes
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Optimization of a Genome-Wide Disordered Lentivector-Based
Short Hairpin RNA Library [15, 16] . Two fundamentally different techniques are employed to induce RNA interference: exogenous dsRNA is introduced into the cell via transfection or is expressed from an artificial construct by the transcription system of the cell. In the latter case, the expression product is a short hairpin RNA (shRNA) that has a stem of 19-21 bp and is processed by Dicer to yield functional siRNA. Target cells containing siRNA are then tested for phenotypic changes [17] .
As this approach is extended to the whole genome by constructing siRNA or shRNA libraries covering all known and unknown genes, functional genomics will receive additional impetus [18] , and targets will be identified for developing new drugs [19, 20] . Such ordered whole-genome libraries have already been obtained in plates, with each well containing a particular siRNA or an siRNA-expressing vector [21] . The libraries are screened gene by gene, with each specimen being introduced into cells in a separate transfection experiment. It is clear that experiments with these libraries are highly laborious and mostly feasible with special robots [22] . A reverse transfection technique has been developed to simplify the procedure; transfection mixtures in the form of DNA-or RNA-lipid complexes are applied to wells and dried, and cells are then seeded in the wells to be transfected in situ [23] . Modification of the reverse transfection technique has yielded libraries consisting of cell microarrays: cells are seeded on a glass dotted with transfection mixtures containing individual components of a library [24] . The drawbacks are that such libraries are exhaustible and expensive; experiments with them require expensive robots and are laborious, and their application is limited. Because of these drawbacks, such libraries are virtually unavailable for noncommercial labs.
To overcome the above problems, we cooperated with System Biosciences (SBI) to develop a method for constructing whole-genome shRNA libraries on the basis of a lentiviral vector. The use of lentiviruses makes it possible to infect even nondividing cells [25] , and the integration of such constructs into the genome of target cells ensures stable expression of shRNA through many passages [26] . Moreover, it is possible with this approach to obviate the construction of an ordered library and to obtain a complete set of shRNAs in one tube, which makes the subsequent functional screening simpler and cheaper. After transduction of a library, cells expressing the phenotype of interest are selected and the fragment responsible for the phenotypic changes is isolated from the resulting cell subpopulation, is then amplified, and is identified by sequencing or hybridization with oligonucleotide components of an siRNA library ordered in a microarray. It is clear that a lentiviral library should meet several requirements in order to produce reliable results. For instance, a high titer is necessary for pseudovirus particles expressing siRNA with an optimal structure of the RNA hairpin, efficiently inhibiting the expression of the target. Cell selection from the transfected population should be quite rapid.
The objective of this work was to solve the above problems. As a result, the titer of packed virus particles increased 15-to 20-fold. The highest efficiency was observed for shRNA having a simple structure with a 21-bp stem. To improve the selection we used lentiviral constructs expressing both shRNA and a selectable marker: puro R , copGFP , or H-2K k . The efficiency of the optimized library was verified in screening experiments, using a cell line with fluorescence intensity that depended on the p53 activity. EXPERIMENTAL Cell lines, culture conditions, and lentivirus preparations. Cells of the lines 293T, H1299, HeLa, and HeLa LC5 with the reporter β -galactosidase gene ( lac Z) controlled by a p53-responsive promoter were grown in DMEM supplemented with 10% fetal bovine serum, penicillin, and streptomycin. To allow the packing of virus particles, 293T cells were seeded so that the culture density was not more than 70% at the moment of transfection. Cells were transfected with lentiviral constructs and helper plasmids, using Lipofectamine and Plus Reagent as recommended by Invirtogen. The medium containing virus particles was collected 24, 36, and 48 h after transfection; filtered through a 0.45-µ m filter; and then frozen at -70 ° C. The virus titer was assayed with H1299 cells. Cells were seeded in a 12-well plate at 1 · 10 5 cells per well and infected with a virus preparation for 4 h. To improve the efficiency of infection, virus preparations were supplemented with the polycationic reagent Polybrene (Sigma) to 5 mg/ml. The fluorescence of the green fluorescent protein (GFP) was assayed by flow cytometry 48 h after infection. Only viable cells were included in the analysis; 10,000 events were recorded in each experiment.
Constructs expressing shRNA. Oligonucleotides were selected so that their annealing yielded sticky ends complementary to the Bam HI and Eco RI restriction sites, which were utilized for cloning in pSIHPuro (Fig. 1a) . To obtain constructs expressing copGFP [27] or H-2K k [28] as a selectable marker, the protein-coding region of a gene was amplified with highly selective Taq DNA polymerase (a component of a High Fidelity PCR Supermix, Invitrogen) and cloned into the Xba I-Sal I sites of pSIH in place of the puromycin resistance gene. The recognition sites for the necessary restriction enzymes were introduced with PCR primers.
Cell staining with ONPG for b -galactosidase.
After infection HeLa LC5 cells were incubated for 72 h and plated on a 96-well plate at 5 · 10 4 cells per well.
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Cells were stained with an ONPG solution (1-mM MgCl 2 , 250-mM Tris-HCl, pH 7.4, 0.02% NP-40, 2-mg/ml ONPG in PBS) at 37 ° C for 4 h, until a yellow color developed. Absorption was measured using a plate reader at 405 nm. To standardize the cell amount in samples, cells were stained with 1% Methylene Blue in 50% methanole, the excess dye was washed out with water, an equal volume of 1% SDS was added, and 600 nm was measured. All measurements were performed in duplicate.
PCR on genomic DNA and reverse transcription (RT)-PCR. DNA and RNA were simultaneously isolated from cell cultures with the use of TRIzol as recommended by Invitrogen. To estimate the number of provirus copies integrated in the cell genome, the WPRE region of the lentiviral construct was amplified in PCR with 1 µ g of genomic DNA and the specific primers WPRE-forward (5'-TCATGCTATTGCTTC-CCGTATGGCTTTC-3') and WPRE-reverse (5'-GGATTGAGGGCCGAAGGGACGTAG-3'). The first cDNA strand was synthesized using SuperScript II reverse transcriptase (Invitrogen), an oligo-dT primer, and 5 µ g of total RNA. PCR was carried out using thermostable Titanium Taq polymerase (BD Clontech); 250 ng of cDNA; and specific primers to GAPDH (GAPDH-forward 5'-CTCGCTCCTGGAAGATGG-3' and GAPDH-reverse 5'-CAATGACCCCTTCATTGAC-3'), p53 (p53-forward 5'-GACCTCAAAGCTGTTC-CGTCC-3' and p53-reverse 5'-CGTCTGGGCTTCT-TGCATTC-3'), or HPV18 E6 (E6-forward 5'-GCTG-CATGCCATAAATGTATAGAT-3' and E6-reverse Relative reporter activity, % 
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stained with FITC-conjugated antibodies against H-2K k (1:50, Miltenyi Biotech) in the blocking buffer on ice for 1 h, and washed three times as above. Green fluorescence was assayed by flow cytometry; only viable cells were analyzed and 10,000 events were registered. A p53-responsive reporter construct. The p53-responsive cassette WafConA-mCMV-EGFP [29] was cloned in the improved lentiviral vector pLU. The nucleotide sequence coding for destabilized GFP (copGFPds) was amplified using highly specific Taq polymerase from a High Fidelity PCR Supermix (Invitrogen) and specific primers containing the Sal I and Bam HI sites; the product was cloned into the Xho I-Bam HI sites of the reporter vector instead of the EGFP gene.
Screening of the 8.5K shRNA library. HeLa cells (1 · 10 7 ) carrying the construct that determined their fluorescence as dependent on the p53 activity were transfected with the packed 8.5K shRNA library for 8 h and were passed (1:3) 48 h after infection. After 24 h cells were treated with trypsin and washed. Two fractions of 2 · 10 5 cells each and one fraction of 1 · 10 6 cells were selected from 5% of cells with the most intense fluorescence by flow sorting. As a control two fractons of 2 · 10 5 cells each were selected from nonsorted cells. The resulting fractions were used to isolate DNA with TRIzol (Invitrogen). Amplification of the integration sites of shRNA-expressing constructs, hybridization with a GeneChip 8.5K Human Genome Focused Array (Affymetrix), and analysis of the results were performed by System Biosciences.
RESULTS
Optimization of the Packing
of Pseudovirus Particles Lentiviral vectors are advantageous for delivering genetic material into the cell, because even nondividing cells can be infected and transduction efficiency can reach 100%. However, the main steps of transduction should be optimized. With a high-titer lentivirus preparation, it is possible to avoid its concentration and to use highly diluted supernatants, thereby minimizing the nonspecific effects exerted by the toxic metabolites of producer cells. In addition, experiments are cheaper with high-titer preparations.
To optimize the packing of pseudovirus particles, we used the lentiviral construct pLU-CMV-EGFP with GFP controlled by the cytomegalovirus (CMV) promoter and two variants of helper plasmids, pCMV ∆ R8.2 (I.M. Verma, Salk Institute, La Hoya, United States) or pGag1 and pRev2 (J.G. Sodroski, Dana Farber Cancer Institute, Boston, United States). Virus particles were pseudotyped with the coat protein G of the vesicular stomatitis virus expressed from pVSV-G. All plasmids were used in equal amounts for transfection. To estimate the titer of pseudovirus particles, H1299 cells were infected with a virus preparation diluted eightfold.
When pCMV ∆ R8.2 was used as a helper, only 5% of cells started producing GFP. With pGag1 and pRev2, fluorescence was observed in up to 41% of cells. Thus, pGag1 and pRev2 ensured a virus titer an order of magnitude higher than with pCMV ∆ R8.2.
To further optimize the packing of virus particles, we examined transfection mixtures with various proportions of the lentiviral construct and the helper plasmids. The recombinant virus was used in a tenfold dilution o infect cells. The virus titer dramatically decreased with an increasing pVSV-G portion (Table 1 , sample A4), which agrees with the data that protein G is toxic for eukaryotic cells [30] . An increase in pRev2 considerably improved the efficiency of virus packing, especially when the pGag1 amount was not reduced (Table 1 , samples A3 and A6).
Based on the results, we further optimized the plasmid ratio (Table 1 , samples B1-B5). Cells were infected with a virus preparation diluted tenfold. The optimal plasmid ratio was pLU-GFP:pGag1:pRev2:pVSV-G = 1:2:4:1. With this ratio the virus titer can be increased 15-to 20-fold as compared with the titer observed with the plasmids used in equal amounts.
Optimization of the shRNA Structure
When a shRNA library is obtained in one tube it is important that no more than one or two copies of a lentiviral construct are integrated in the cell genome; GURYANOVA et al.
with a high multiplicity of infection, it is difficult to identify the shRNA responsible for the phenotype observed. Consequently, it is necessary that shRNA is highly efficient so that a single copy of the construct suffices to strongly silence the target gene. The extent of target gene silencing by shRNA depends not only on the choice of the mRNA target site, but also on the efficiency of shRNA transport from the nucleus into the cytoplasm, where mRNA is degraded, and on the affinity for processing enzymes. An important role in these processes is played by the hairpin structure, formed by complementary regions of siRNA. We tested four variants of hairpin structures, which were based on three 22-nt sequences homologous to the p53 mRNA: p53-1 (5'-GATCTGGATCCACCAA-GACTTG-3'), p53-2 (5'-TACATTCTGCAAGCA-CATCTGC-3'), and p53-3 (5'-ACTGGAAGACTC-CAGTGGTAAT-3').
According to the published data, features characteristic of microRNA (an extended stem with noncomplementary nucleotides) may improve the affinity of an exogenously expressed shRNA for the RNA-processing enzyme Dicer and increase the efficiency of its association with RISC [31] . When a microRNAlike hairpin is combined with the regions flanking the human mir-30 hairpin [32] , the resulting structure is recognized by Drosha, simulating natural endogenous silencing [33] . Proceeding from these findings, we obtained the following lentivector-based constructs (Fig. 1b) : (i) shRNA, which was a basic construct expressing a short hairpin with a 22-bp stem from under the control of the H1 promoter; (ii) microRNA, in which the basic 22-bp hairpin was combined with a short stem with noncomplementary nucleotides; (iii) mir-30-flank, in which the microRNA structure was combined with the 50-nt regions flanking the human mir-30 hairpin; and (iv) U6-leader, in which structure (iii) was combined with the leader sequence of the U6 promoter.
The efficiency of p53 silencing was assayed using the reporter HeLa LC5 line, producing β-galactosidase under the control of a p53-responsive promoter. The highest inhibition of p53 expression was observed with the simplest (basic) variant of the shRNA structure (a hairpin with a 22-bp stem) (Fig. 1c ). To verify, the level of the target p53 mRNA was assayed by RT-PCR and the copy number of the integrated provirus was estimated by amplifying the WPRE segment from genomic DNA of transfected cells (Fig. 1d) . The results confirmed that the simplest RNA hairpin was most effective in silencing the target gene. It is of interest to note that our constructs inhibited p53 expression by more than 90% in spite of the considerable variation of the copy number of integrated provirus DNA.
Construction of Vectors for shRNA Expression with Various Selectable Markers
An initial whole-genome shRNA library was constructed on the basis of the lentiviral vector pSIHPuro, with shRNA being expressed from the H1 promoter and the CMV promoter controlling the expression of the puromycin resistance gene (puroR). However, selection by antibiotic resistance has its drawbacks: the test is time-consuming (taking 7-14 days), antibiotic sensitivity varies among cell lines and should be estimated preliminarily, representation of some shRNAs in a cell culture may change in the case of their effect on cell division, and some active shRNAs may even be lost if exerting a toxic effect on the cell. In addition, virus titer assays are laborious and time consuming. To overcome these drawbacks, special vectors were designed to allow rapid estimation of the virus titer and rapid selection of infected cells. Convenient markers are provided by copGFP and H-2K k , a transmembrane receptor devoid of the cytoplasmic domain. The advantage of copGFP as a selectable marker is that copGFP can be directly detected in the cell under a fluorescence microscope. Moreover, it is possible with flow sorting to quantitate the copGFP expression in a cell population without a preliminary sample preparation and to select cells from a living transfected culture. A drawback of copGFP is that it is unfeasible to simultaneously monitor other cell parameters in the green range (e.g., to estimate the level of reactive oxygen species by DCF fluorescence) or to use an additional transcription reporter construct utilizing GFP. In addition, flow sorting impairs cell viability, and a considerable fraction of the cell population is lost. These drawbacks can be overcome by using H-2K k as a selectable marker. With H-2K k , the portion of transfected cells can be estimated by flow sorting after vital immunofluorescent staining with FITC-or TRITC-conjugated antibodies against H-2K k . Pure populations of transfected cells can be rapidly selected (within 30 min) and under mild conditions via binding with anti-H-2K k antibodies fixed on magnetic beads. This procedure does not require expensive instruments, which is an additional advantage. The drawbacks of selection with H-2K k are that a preliminary treatment (immunofluorescent staining) of cells is necessary for flow sorting, and that antibodies and selection kits are rather expensive.
To test the above selection variants, we constructed the lentiviral vectors pSIH-copGFP and pSIH-H-2K k for shRNA expression. The efficiency of packing into virus particles was estimated for the above basic constructs and for the vectors expressing p53-specific shRNAs. In either variant the constructs utilizing copGFP ensured transfection of more than 97% of cells in a population (data not shown). In the case of H-2K k , the efficiency of transfection was 91% with the empty vector and 80% in the case of pSIH-H-2K kshp53-1 (Fig. 2a) .
These findings suggest that pSIH-H-2K k is packed in virus particles somewhat less efficiently as compared with pSIH-copGFP. The average copy number of integrated constructs was estimated by PCR. The results showed that the packing efficiency was 20% lower with constructs expressing H-2K k than with similar constructs expressing copGFP (Fig. 2b) . The difference is rather low, demonstrating the applicability of both selectable markers.
Testing of a Fluorescent p53-Responsive Construct
Attempts have already been made to obtain a fluorescent reporter construct based on a lentiviral vector.
For instance, the p53-responsive construct pLV-WafConA-mCMV-EGFP has been designed in our lab [29] . However, the high stability of EGFP masks the effect of p53 activation. We optimized this reporter construct (Fig. 3a) . For this purpose the p53-responsive cassette was cloned in the improved lentiviral vector pLU, and EGFP was replaced by the gene coding for copGFPds, whose half life is about 2 h.
The sensitivity of the new p53-responsive construct was studied with HeLa cells. These cells synthesize the wild-type p53, which is rapidly degraded in proteasomes, because of the binding with HPV18 E6. Suppression of E6 in HeLa cells was expected to allow the accumulation of active p53 and, consequently, activation of the reporter gene. To silence GURYANOVA et al.
HPV18 E6 with shRNA, we chose the sequence 5'-ctaacactgggttatacaa-3' (Fig. 3b) .
HeLa cells carrying the fluorescent p53-responsive construct were transfected with the lentiviral vector expressing an E6-specific shRNA, or with the 8.5K shRNA library used as a control (Fig. 3c) . Transfection with the shRNA library only slightly shifted the peak of copGFPds fluorescence to the right, which probably reflected the effect of p53-activating components of the library. The suppression of E6 in the reporter cell line caused a dramatic rightward shift in the cell distribution by copGFPds fluorescence, suggesting considerable activation of the reporter gene.
Screening of the 8.5K shRNA Library
The whole-genome shRNA library was constructed on the basis of the pSIH lentiviral vector, with an optimal hairpin structure. To construct the library, we used 85,000 human expressed nucleotide sequences of a GeneChip 8.5K Human Genome Focused Array (Affymetrix). Three to five shRNAs were designed for each sequence; target sites were selected to ensure optimal hybridization with the microarray components. The resulting library includes about 4 · 10 4 individual constructs. Preparative synthesis of oligonucleotides for the library was performed simultaneously on one microarray. In each oligonucleotide a restriction site corresponding to one of the cloning sites of the vector was introduced in the basal region attached to the membrane. The distal region of each oligonucleotide contained another restriction site and a common sequence serving for primer annealing in synthesis of the second DNA strand. After the second strand was synthesized on the microarray, double-stranded oligonucleotides were detached from the membrane with a mixture of restriction enzymes, purified by PAGE, and cloned in the lentiviral vector under the control of the H1 RNA gene promoter. This procedure yielded a disordered lentiviral library for shRNA expression.
The library was screened using the above p53-responsive HeLa cell line. Cells were transformed with the library. Then, flow sorting was used to select cells with the most intense fluorescence, suggesting activation of the p53-responsive construct. Genomic DNA was isolated from the selected cells. The regions coding for shRNAs presumably responsible for this phenotype were amplified and then identified by hybridization with a microarray (see Experimental). The genes showing enrichment in comparison with a nonsorted cell population are listed in Table 2 . It is noteworthy that the set included the gene for the YY1 transcription factor, which is involved in activating transcription from the regulatory region of the HPV genome [34] . Possibly, YY1 gene silencing decreases the production of viral proteins, including E6, and thereby reactivates p53. Table 2 . Genes potentially involved in regulating the p53 activity on evidence of screening the 8.5K whole-genome lentivector-based shRNA library* GURYANOVA et al.
Thus, we identified several dozens of shRNAs that show enrichment in the cell fraction with the activated p53-responsive construct. In some cases several different shRNAs corresponded to one gene, suggesting a higher reliability of the result. It remains unclear what role is played by these genes in regulating the p53 activity in HeLa cells and other HPV-containing human cervical carcinomas. Relevant work is in progress in our lab.
DISCUSSION
RNA interference is widely used as a convenient and highly specific tool in reverse genetics. This technique is especially promising for functional genomics, with increasing importance as the genome structure is deciphered and there is rapid accumulation of gene expression data. In view of this, many labs have focused on constructing siRNA or shRNA wholegenome libraries [21] [22] [23] [24] . Several attempts have been made to utilize viruses for delivering the library material into cells [35] [36] [37] [38] . We described a whole-genome shRNA library that is based on a lentiviral vector and is suitable for transforming virtually all cell populations. The intention is that the library is screened and individual integrated constructs are isolated and sequenced in order to identify the gene whose silencing is responsible for the observed phenotype. To simplify the procedure, a bar code has been proposed for identifying individual clones by hybridization on microarrays; an arbitrary unique 60-bp sequence is introduced in a shRNA-expressing construct and is used as an identifier [36, 37] . However, such arbitrary sequences are not all optimal for hybridization, as they may introduce an additional uncontrollable error in the results. Another modification of this technique takes advantage of the unique nucleotide sequence of each component of a library, utilizing the shRNA-coding regions for identification [38] . It is essential for both modifications that special individual microarrays are obtained, which is rather expensive.
We used an optimized technique of internal molecular bar codes. The structure of each RNA hairpin was selected to ensure optimal hybridization with the microarray in order to minimize individual variation and nonspecific noise associated with this step of screening. When designing shRNAs we took into account the presence of such nucleotide sequences in common microarrays produced by Affymetrix. The 8.5K lentivirus-based human shRNA library is fully compatible with the commercially available GeneChip 8.5K Human-Genome Focused Array (Affymetrix), which made the screening far cheaper.
The selection of a pure cell population is another important problem in works with disordered libraries. Various antibiotic resistance genes are commonly introduced in constructs for this purpose. We constructed vectors with alternative selectable markers. For instance, the expression of H-2K k on the cell surface makes it possible to obtain a population consisting of transfected cells to about 100% in less than 1 h. Our vector, based on GFP, allows library screening not only with cell cultures, but also with whole organisms in vivo, e.g., for studying the tissue-specific processes or the mechanisms of metastasis.
Further progress in large-scale gene silencing via RNA interference will greatly improve the efficiency of searching for new biological activities and drug targets.
